Alzheimer disease (AD) is a neurodegenerative disorder characterized by memory loss and behavioral and psychological symptoms of dementia. An imbalance of different neurotransmitters -glutamate, acetylcholine, dopamine, and serotonin -has been proposed as the neurobiological basis of behavioral symptoms in AD. The molecular changes associated with neurotransmission imbalance in AD are not clear. We hypothesized that altered reuptake of neurotransmitters by vesicular glutamate transporters (VGLUTs), excitatory amino acid transporters (EAATs), the vesicular acetylcholine transporter (VAChT), the serotonin reuptake transporter (SERT), or the dopamine reuptake transporter (DAT)) are involved in the neurotransmission imbalance in AD. We tested this hypothesis by examining protein and mRNA levels of these transporters in postmortem prefrontal cortex from 10 AD patients and 10 matched non-AD controls. Compared with controls, protein and mRNA levels of VGLUTs, EAAT1-3, VAChT, and SERT were reduced significantly in AD. Expression of DAT and catechol O-methyltransferase (COMT) was unchanged. Reduced VGLUTs and EAATs may contribute to an alteration in glutamatergic recycling, and reduced SERT could exacerbate depressive symptoms in AD. The reduced VAChT expression could contribute to the recognized cholinergic deficit in AD. Altered neurotransmitter transporters could contribute to the pathophysiology of AD and are potential targets for therapy.
INTRODUCTION
Alzheimer disease (AD) is an age-dependent neurodegenerative disorder characterized by progressive dementia. In the United States, nearly 5.3 million people are affected by AD [1] . Common behavioral disturbances, aside from memory loss, are apathy, depression, agitation, and general withdrawal. Apathy is the most prevalent disturbance, affecting about 70% of AD patients; depression ranks second, occurring in about 54% of patients; and agitation ranks third, appearing in about 50% of patients [2] .
An imbalance of different neurotransmitters -glutamate, acetylcholine (ACh), dopamine (DA), and serotonin (5-HT) -in specific brain regions responsible for emotional activities has been proposed as a neurobiological determinant of AD dementia [3] . The glutamatergic and cholinergic systems are involved in memory and cognition and are implicated in the progression of AD [4] . Constant glutamate signaling is considered to cause a "background signal" in the synapse [5] and to activate N-methyl-D-aspartate (NMDA) receptors [4] . A disturbed serotonergic system is commonly associated with depression and aggression, since it influences mood and feelings of well being [6] . Several areas of the brain exhibit a decreased 5-HT concentration in AD, with a significant reduction in 5-HT 1 and 5-HT 2 receptors throughout the cerebral cortex [3, 7] . Additionally, synaptic loss in the cerebral cortex of AD is found to involve glutamate-, ACh-, and 5-HT-containing synapses [8] . The dopaminergic system also has been implicated in behavior as well as in regulation of cognition [9] . Studies show decreased DA concentrations in discrete areas of the AD brain, although postsynaptic densities of D 1 -like receptors are unchanged in the frontal cortex [3, 10] .
The vesicular glutamate transporter (VGLUT) is responsible for the vesicular storage of Lglutamate. Subsequently, synaptic vesicles retrieve and accumulate L-glutamate during recycling so as to respond to the next stimulation. Recently, VGLUT1 and 3 subtypes have been identified in the brain and VGLUT1 and 2 are predominant and expressed exclusively in glutamatergic neurons in CNS unlike VGLUT3 [11] . Glutamate transmission is terminated by removal of glutamate from the synapse by membrane-bound excitatory amino acid transporters (EAATs). In humans, the EAAT family consists of five subtypes, termed EAAT1-EAAT5 [12] . EAAT1-4 are present in the brain [13] (Figure 1 ), whereas EAAT5 is found in the retina as well as in other brain regions [14] . EAAT1 and 2 are expressed primarily on astrocytes, but EAAT2 also is found in neurons and oligodendrocytes [15, 16] . EAAT3 is distributed predominantly in postsynaptic neurons [17] , EAAT4 is distributed in Purkinje cells as well as in cerebral cortex [18] [19] [20] . More than 90% of released glutamate is cleared from the synaptic cleft by EAAT2 [12, 21] . EAATs also are involved in functions other than glutamate clearance, such as attenuating NMDA receptor mediated function [21, 22] . EAAT1 knockout (KO) mice show a learning impairment [23] . Alterations in EAATs could contribute to neuronal loss and learning impairment in AD patients, but the roles of EAATs in AD are not clear.
ACh is packaged in synaptic vesicles by the vesicular acetylcholine transporter (VAChT), and the Ach-loaded synaptic vesicles are emptied into the synaptic cleft by exocytosis. The cholinergic system does not have a reuptake transporter; rather, acetylcholinesterase (AChE) degrades excess ACh in the synapse. Homozygous VAChT KO mice die immediately after birth, while heterozygous VAChT KO mice exhibit impairments in object discrimination and social memory/recognition, similar to the symptomatic memory loss occurring in AD [24] . Changes in VAChT expression could contribute to reported memory loss in AD patients.
The serotonin (5-hydroxytryptamine, 5-HT) reuptake transporter (SERT) mediates rapid removal and recycling of released 5-HT following neuronal stimulation. A deficiency in SERT in humans and in SERT KO mice has been associated with severe depression and anxiety, behaviors also commonly seen in AD [25] , and increased brain arachidonic acid metabolism [26] . Alterations in SERT could play a role in behavioral changes in AD patients. In the striatum, the synaptic action of dopamine (DA) is largely terminated by neuronal uptake by the abundant dopamine reuptake transporter (DAT) [27] . However, in the prefrontal cortex, DA degradation by catechol O-methyltransferase (COMT) might be a major determinant of DA availability [28, 29] . Disturbed DAT and COMT expression could be associated with AD pathology. Antidepressants and antipsychotics, frequently employed in treating AD patients, often interact with neurotransmitter reuptake transporters [30, 31] . However, the association of changes in reuptake neurotransmitter transporter levels with the symptoms and pathology of AD are not agreed upon. We hypothesized that alterations in expressions of neurotransmitter transporters contribute to neurotransmission imbalances in the AD brain. In the current study, we measured mRNA and protein levels of VGLUT (1-2), EAAT (1-3), SERT, DAT, and VAChT in postmortem prefrontal cortex from AD patients and age-matched non-AD controls. VGLUT3 is also present in non-neuronal tissues and also in other non glutamatergic neurons and has not been examined in this study. We chose to study the prefrontal cortex since it is involved with emotional behavior as well as with retaining memories linked to emotions, as seen in primates [32] . The prefrontal cortex also was chosen because of reported changes there in blood flow and glucose and arachidonic acid metabolism in living AD patients, and because of the characteristic pathology (senile neuritic plaques and beta amyloid accumulation) observed in post-mortem tissue [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] .
METHODS

Postmortem brain
This study was approved by the Institutional Review Boards of the McLean Hospital, the National Institute on Aging, NIH, and by the Office of Human Subjects Research (OHSR) at NIH. A sample of frozen postmortem dorsolateral prefrontal cortex (Brodmann area 9) was provided by the Harvard Brain Tissue Resource Center (McLean Hospital, Belmont, MA) under PHS grant R24MH068855 awarded to J. S. Rao. The study was performed on tissue from 10 AD patients and 10 age-matched non-AD controls. The AD patients were diagnosed with advanced stages of AD based on neuropathological and behavioral observations [43] and controls are devoid of any psychiatric illnesses. The characteristics of AD patients and controls are summarized in Table 1 . pH of the frozen brain samples was measured by the method of Harrison et al. [44] .
Mean ± SEM of age (year) (control 70.20 ± 2.4 vs. AD 70.60 ± 2.4), postmortem interval (hours) (control 19.16 ± 1.0 vs. AD 19.74 ± 1.0) and pH (control 6.76 ± 0.07 vs. AD 6.84 ± 0.07) did not differ significantly between the two groups. As noted, AD patients were exposed to various antidepressant and antipsychotic medications. The AD patients were in Stages V -VI on the Global Deterioration Scale (Range I to VII), with Stage VI representing moderate-severe dementia [45] . ApoE genotyping was performed on the AD and control samples using an ApoE4/Pan-ApoE4 ELISA kit (MBL International, Woburn, MA, USA), according to the manufacturer's instructions. Four of the 10 AD patients were E4/E4 homozygous and 5 were E2/E4 or E3/E4 heterozygous; one could not be classified. Control subjects were E2/E4 or E3/E4 heterozygous.
Preparation of membrane fractions
Membrane extracts were prepared from postmortem prefrontal cortex of AD and control subjects as previously described [46] . Protein concentration in the membrane fraction was determined using a protein reagent (Bio-Rad, Hercules, CA). The membrane was characterized with a specific marker, cadherin, as previously described [46] .
Western Blot analysis
Membrane extracts (60 µg) were separated on 4-20% SDS-polyacrylamide gel (Bio-Rad) and transferred to a nitrocellulose membrane. Membrane blots were incubated overnight with primary antibody against VGLUT1 ( and neuron specific enolase (1:500) (Abcam, Cambridge, MA), followed by horseradish peroxidase-conjugated secondary antibody (1:1000) (Bio-Rad). Blots were visualized and quantified after correcting for β-actin as previously described [47] .
Total RNA isolation and real time RT-PCR
Total RNA was isolated from postmortem prefrontal cortex of control and AD patients using an RNeasy lipid tissue kit (Qiagen, Valencia, CA). Briefly, tissue was homogenized in Qiagen lysis solution and total RNA was isolated by phenol-chloroform extraction. cDNA was prepared from total RNA according to the manufacturer's instructions using a high capacity cDNA archives kit (Applied Biosystems, Foster City, CA). RNA integrity number (RIN) was measured using a Bioanalyzer (Agilent 2100 Bioanalyzer, Santa Clara, CA). RIN values (mean ± SEM) were: AD 6.85 ± 0.12 vs. control 6.80 ± 0.65. mRNA levels of VGLUT1, VGLUT2, EAAT1, EAAT2, EAAT3, EAAT4, VAChT, SERT, DAT and COMT were measured by quantitative RT-PCR, using an ABI PRISM 7000 sequence detection system (Applied Biosystems). Specific primers and probes were purchased from TaqManP R gene expression assays (Applied Biosystems), and consisted of a 20X mix of unlabeled PCR primers and Taqman minor groove binder (MGB) probe (FAM dye-labeled). The foldchange in gene expression was determined by the ΔΔC T method [48] . Data were expressed as the relative level of the target gene in the AD frontal cortex normalized to the level of the endogenous control (β-2 microglobulin) and relative to the standard (calibrator). All experiments were carried out in duplicate with 10 independent samples per group.
Statistics
Data are expressed as mean ± SEM. Statistical significance was established at p < 0.05, using a two-tailed, unpaired Student's t-test. Pearson correlations were determined between age, postmortem interval, and pH versus mRNA levels of EAAT (1-3), VAChT, SERT, and DAT in tissue from control and AD brains.
RESULTS
Decreased protein and mRNA levels of VGLUT (1,2) EAAT(1-3) and VAChT
Frontal cortex VGLUT1, VGLUT2, EAAT1 and 2 from AD cortex showed significantly decreased protein and mRNA levels compared to control cortex. The mean protein levels of VGLUT1 36% (p < 0.001)), VGLUT2 26% (p < 0.05), EAAT1 46% (p < 0.05) and EAAT2 50% (p < 0.01) were significantly reduced compared to control brains (Figure 2A-D) . When VGLUT-1 and 2 mRNA levels were corrected with synaptophysin there was a trend of an increase in their expression levels without reaching statistical significant (data not shown). Mean mRNA levels of VGLUT1 77%, VGLUT2 68%, EAAT1 30% and EAAT2 49%, were decreased significantly compared to control brains ( Figures 2E-H) .
EAAT3 protein and mRNA levels in AD compared to control brain also were decreased significantly. The mean protein level of EAAT3 was decreased by 76% (p < 0.001) ( Figure  3A) and the mean mRNA level was reduced by 53% (p <0.05) ( Figure 3B ). Protein and mRNA levels of VAChT were decreased significantly in AD compared to control cortex. Mean VAChT protein was diminished by 54% (p < 0.05) ( Figure 3C ) and mean VAChT mRNA was reduced by 83% (p < 0.01) ( Figure 3D ). Protein and mRNA levels of neuron specific enolase were not statistically different in AD brain compared to the control ( Figures  3E and F) .
SERT and DAT protein and mRNA levels
SERT protein and mRNA levels were decreased significantly in AD compared to control cortex by 59% and 33% respectively, (p < 0.05) (Figures 4A and 4B) . However, DAT protein and mRNA levels did not differ significantly between AD and control cortex ( Figures 4C and 4D ).
GFAP and Synaptophysin protein mRNA levels
The protein (150%) and mRNA (280%) levels of GFAP were significantly increased in AD compared to control cortex, while synaptophysin protein (25%) and mRNA (70%) levels were significantly reduced in AD compared to control cortex (5A-5D). Further, no significant change was found in COMT mRNA levels between groups (Control: 1.00 ± 0.22; AD: 1.13 ± 0.24).
Pearson correlations with brain variables
Pearson correlations were statistically insignificant between variables (age, postmortem interval, and pH) and the mRNA level (control and AD patients combined) from all 20 brain samples ( Table 2 ).
DISCUSSION
VGLUTs (1-2), EAAT (1-3), VAChT, and SERT protein and mRNA levels were reduced significantly in prefrontal cortex from AD subjects compared to control subjects (Table-3 ). Decreased expression of VGLUTs (1-2), EAAT (1-3) and SERT would result in altered glutamate and 5-HT reuptake, respectively, possibly resulting in altered concentrations of these neurotransmitters in the synaptic cleft. However, a reduction in VAChT expression could result in less ACh per vesicle released into the synaptic cleft, contributing to a cholinergic deficit. DAT and COMT expression were unchanged, and therefore DA recycling may not be affected. We also measured the protein and mRNA levels of neuron specific enolase (NSE), as a marker of neuronal cells and can be used to measure postmortem tissue integrity in the absence of acute injury [49, 50] . The difference in NSE protein and mRNA levels were insignificant between control and AD groups. This work reveals altered levels of transporters that may contribute to cognitive impairment, and disturbed mood found in AD.
Reduced VGLUTs (1-2) levels may affect the release of glutamate and reuptake of glutamate into synaptic vesicles from the cytoplasm. A reduction in protein and mRNA levels of synaptophysin, a marker of synaptic vesicle, indicates that a reduction in VGLUT is a reflection of reduced synaptic vesicles. Consistent with our results, an earlier study reports a reduction in both VGLUTs (1-2) and synaptophysin levels in the post-mortem occipital region from AD patients, a region little affected by the pathology of AD on the basis of atrophy and cell loss [51] . In this study, beta globulin was used as an internal control for determining the expression of VGLUTs. Since beta actin may not be an appropriate internal control for synaptic vesicles, we corrected VGLUT expression with synaptophysin levels. This showed a trend towards upregulation of both VGLUTs in AD patients without reaching statistical significance. Expression level of VGLUTs may not be different per synaptic vesicle between the control and AD groups, however due to a reduction in synaptic vesicles the number of VGLUT were reduced when compared to the control brains. In a recent study, heterozygous VGLUT1-deficient mice were reported to display enhanced anxiety, depressive-like behavior and impaired recognition memory [52] . Heterozygous VGLUT2-deficient mice did not show abnormalities in long term potentiation [53] .
Reduced EAAT activity may lead to excess glutamate at the excitatory synapse. EAAT2 is responsible for 90% of glutamate reuptake in the human brain and a decrease in this transporter alone may elevate synaptic glutamate levels [54] . The present study shows that EAAT1-3 were reduced in the AD brain, which suggests markedly reduced glutamate reuptake. This may explain the excessive "background signaling" of glutamate proposed for AD [5] . The observed reduction in expression of EAAT1 and 2 are consistent with earlier reports in AD brain [55] [56] [57] [58] [59] . In contrast to our study, EAAT1 was unchanged in AD brain [57] . This discrepancy may be related to methodological difference and difference in the brain area studied. The present study also demonstrated an increased expression of GFAP, a marker of astrocytes, in AD brain. This result is consistent with earlier findings and the idea that astocytes are activated in AD and overexpress GFAP [60] . The increase in GFAP was associated with the loss of EAAT1 and EAAT2 expression. Hypertrophic astrocytes at later stages of AD lose EAAT1 and 2 expressions, with the result in altered glutamatergic function. Further study is required to better understand the anomaly of increased GFAP accompanied by decreased EAAT1 and EAAT2 in AD.
EAAT3, which is located on post-synaptic neurons, has been shown to regulate NMDA activation in co-transfection studies in Xenopus oocytes. A decreased EAAT3 expression may lead to hyperactivation of the NMDA receptor [22] . These results support the glutamatergic hypothesis for AD, which states that glutamate-related excitotoxic mechanisms involving the NMDA receptor are a major cause of neurodegeneration in AD [4] . The loss of EAAT3 may be related to synaptic loss or neuronal loss. However, in this study we found NSE, a neuronal marker, mRNA and protein levels were unchanged in AD brain. The loss of EAAT3 could be interpreted as a disease trait in the absence of neuronal loss in the prefrontal region. The overall loss of EAAT3 may contribute to reduced glutamate turnover at the synapse.
Marked impairment in expression of EAAT1 and EAAT2 also has been associated with accumulation of phosphorylated tau within intracellular neurofibrillary tangles (NFTs), and with abnormal amyloid precursor protein levels [4] . Increased brain arachidonic acid metabolism also has been correlated with β-amyloid accumulation and NMDA receptor activation [42] . Our findings are consistent with use of memantine, an NMDA receptor antagonist, which has been approved by the FDA for alleviating AD symptoms and slowing disease progression [61] . The exact role of NMDA receptor activation in AD pathophysiology is still not agreed on [4] .
Our study showed a significant reduction in VAChT expression in AD brain even after the correction with synaptophysin. This suggested that despite the reduction of synaptophysin in AD brains, expression of VAChT was still reduced compared to control brains. Cholinesterase inhibitors (e.g., Donepezil, Rivastigmine) are the most commonly prescribed medications given to AD patients [62] . They are designed to compensate for dropout of cholinergic presynaptic elements by inhibiting AChE, which degrades ACh at the synapse. However, a decline in VAChT indicates that less ACh is being released into the synapse in AD patients. Thus, pharmacologically upregulating VAChT may have a beneficial effect in AD. Interestingly, in rats, after high dose treatment with Rivastigmine, VAChT immunoreactivity was increased significantly in the frontal cortex [63] .
Cholinergic hypofunction is observed mainly at pre-synaptic sites in AD. ACh synthesis, choline acetyltransferase (ChAT) activity, and nicotinic receptor binding, which can facilitate the release of ACh, have been found to be reduced in the AD brain [5, 62] . Our finding of a down-regulation of VAChT may indicate presynaptic cholinergic axonal loss in AD, since degeneration of cholinergic neurons in the basal forebrain that project to the hippocampus and cerebral cortex is evident in AD [62] . In total, data that point to ACh hypofunction suggest that cholinergic neurons are simply no longer present at later stages of AD. The cholinergic hypothesis states that a cholinergic deficit is responsible for initiating AD. However, a more recent theory proposes that AD is initiated by the presence of soluble beta amyloid oligomers which in turn induce oxidative stress, synaptic loss and exacerbates neurotoxicity [4] .
The reason for changes observed in neurotransmitter transporters and the correlation of these changes with behavioral and cognitive impairments in AD is not clear. However, VGLUTs, EAAT1, EAAT2, and VAChT KO mice have shown severe disturbances in behavior and in neuronal survival [23, 24, 64] .
Decreased SERT expression in AD suggests excessively high 5-HT levels in the serotonergic synaptic cleft. Consistent with this finding, studies have reported reduced levels of postsynaptic 5-HT 1 and 5-HT 2 receptors in the postmortem AD brain, which could be due to the excessive 5-HT [7] . Very low as well as high 5-HT levels may cause mood disturbances, such as depression [25] . Elevated levels of 5-HT are associated with anxiety, aggression, and depression-like behaviors in animals and humans [25, 65] . SERT KO mice have increased anxiety-and depression-like behaviors and reduced aggressiveness on various tests [66, 67] . Further, reduced or absent SERT function in mice showed upregulated baseline arachidonic acid signaling involving 5-HT [26] . This is consistent with reported upregulated brain arachidonic acid signaling in AD patients, as measured with positron emission tomography [42] . Some AD patients were taking serotonin selective reuptake inhibitors, which block SERT binding and further increase synaptic 5-HT content, which may have exacerbated their depression. Antidepressant efficacy in AD patients is limited and may depend on the individual drug [68] . Imaging studies have indicated an elevated SERT binding in patients with major depressive disorder [69] , but reduced binding in AD patients.
A direct association in AD has been made between the D 1 receptor, DAT gene polymorphisms and aberrant motor behavior in dementia [70] . In AD, it appears that procedural memory, or memory used for motor and perceptual skills, is relatively spared until very late stages of the disease [71] . Unchanged levels of COMT and DAT may indicate that recycling of dopamine was not changed in this area and has a limited role in behavioral changes in AD patients. In bipolar disorder and schizophrenia, on the other hand, a significant reduction in frontal cortex DAT levels occurs, as do alterations in EAAT, whereas SERT expression is unchanged (Rao JS et al. unpublished data). In BD patients, mood-stabilizers and antipsychotic drugs that block the D 2 receptor elicit anti-manic effects [72] . However, whether the manic symptoms reported in AD patients are related to dopamine alterations is not clear.
The present study demonstrated reduced expression of both pre-and postsynaptic neurotransmitter transporters in postmortem brain of AD patients. Some of these may reflect synaptic loss in AD, as reported in various studies including ours [39, 73] . Some of the transporters are present in glia as well as neurons. However, the changes in EAAT and SERT have not been reported in glial cells of AD patients [74] . In addition, DAT and COMT expression remained unchanged in AD patients. It is possible that some of the observed changes in transporters are independent of synaptic loss, which is suggested by reduced transporter mRNA levels. Further studies are required to understand the implications of reduced expression of transporters in postmortem AD brain.
The changes observed in the EAATs and in SERT were not correlated with age, postmortem interval or tissue pH (see Table 2 ). However, our study should be interpreted with caution due to the following limitations. The small sample size limits its statistical power. Second, the AD patients had a history of chronic prescription drug exposure, which may have altered EAAT and SERT levels. Third, only changes in the prefrontal cortex were studied, which may not correspond to disease pathology in other brain regions.
The decreased expression in protein and mRNA levels of the three classes of neurotransmitter reuptake transporters -EAAT (1-3), SERT and VAChT in prefrontal cortex of AD compared to control subjects likely contribute to altered concentrations of glutamate and 5-HT and a reduced ACh concentration in the synaptic cleft. These changes may be associated with behavioral and cognitive impairments observed in AD.
Future studies that examine additional brain regions and the effects of mood stabilizers and antipsychotic agents on transporter expression in animals might reveal additional information about transporter interactions with various psychotropic drugs. Further studies on the mechanisms behind the observed transporter changes and on neurotransmission imbalance in general, may help to design better treatments for the symptoms of AD and elucidate disease pathophysiology. Schematic representation of neurotransmitter transporters -EAAT(1-4), VAChT, SERT, DAT -in the brain. EAAT1 and EAAT2 are present on glia cells as well as at the presynaptic site of neurons. EAAT3 and EAAT4 are found on the postsynaptic site. Glutamate released from the pre-synaptic site is taken up by EAATs and converted into glutamine. At the presynaptic site, glutamine is converted back to glutamate. VAChT is present at the presynaptic site on the membrane of synaptic vesicles. SERT and DAT are both located at the presynaptic terminal. Mean VGLUT1, VGLUT2, EAAT1 and EAAT2 protein levels (A -D) (with representative immunoblots) in control and AD frontal cortex. Data are ratios of optical densities of EAAT1 and EAAT2 protein to β-actin, expressed as percent of control. mRNA levels of VGLUT1, VGLUT2, EAAT1 and EAAT2 (E -H) in control and AD frontal cortex, measured using real time RT-PCR. Data are mRNA levels of VGLUT1, VGLUT2, EAAT1 and EAAT2 in AD brains normalized to the endogenous control (β-2 microglobulin) and relative to a standard level (calibrator), using the ΔΔC T method. Mean ± SEM, *p < 0.05, **p < 0.01. Mean EAAT3, VAChT and NSE protein levels (A, C and E) (with representative immunoblots) in control and AD frontal cortex. Data are ratios of optical densities of EAAT3, VAChT and NSE protein to β-actin, expressed as percent of control. mRNA level of EAAT3, VAChT and NSE (B, D and F) in postmortem control and AD frontal cortex, measured using real time RT-PCR. Data are mRNA levels of EAAT3, VAChT and NSE in AD brains normalized to the endogenous control (β-2 microglobulin) and relative to a standard level (calibrator), using the ΔΔC T method. Mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001. Mean SERT and DAT protein levels (A and C) (with representative immunoblot) in control and AD frontal cortex. Data are ratios of optical densities of SERT and DAT protein to β-actin, expressed as percent of control. mRNA levels of SERT (B) and DAT (D) in postmortem control and AD frontal cortex, measured using real time RT-PCR. Data are mRNA levels of SERT and DAT in AD brains normalized to the endogenous control (β-2 microglobulin) and relative to a standard level (calibrator), using the ΔΔC T method. Mean ± SEM, *p < 0.05, **p < 0.01. Mean GFAP and synaptophysin (A and C) (with representative immunoblot) in control and AD frontal cortex. Data are ratios of optical densities of DAT and GFAP protein to β-actin, expressed as percent of control. mRNA levels of GFAP and synaptophysin (B and D) in postmortem control and AD frontal cortex, measured using real time RT-PCR. Data are mRNA levels of GFAP and synaptophysin in AD brains normalized to the endogenous control (β-2 microglobulin) and relative to a standard level (calibrator), using the ΔΔC T method. Mean ± SEM, *p < 0.05. Table 1 Characteristics of control subjects and Alzheimer disease patients Table 2 Probabilities and Pearson correlation between brain mRNA levels and subject age, postmortem interval, and brain pH. 
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